Deep brain stimulation (DBS) is a reversible technique that is currently used for the treatment of Parkinson disease and may be suitable for the treatment of psychiatric disorders. Whether DBS inactivates the target structure is still a matter of debate. Here, from findings obtained in rats, we propose DBS of the subthalamic nucleus (STN) as a possible treatment for cocaine addiction to be further tested in human studies. We show that STN DBS reversibly reduces the motivation to work for an i.v. injection of cocaine, and it increases motivation to work for sucrose pellets. These opposite effects may result from STN DBS effect on the positive affective properties of these rewards. Indeed, we further show that STN DBS reduces the preference for a place previously associated with the rewarding properties of cocaine, and it increases the preference for a place associated with food. Because these findings are consistent with those observed after STN lesions [Baunez C, Dias C, Cador M, Amalric M (2005) Nat Neurosci 8:484-489], they suggest that STN DBS mimics an inactivation of the STN on motivational processes. Furthermore, given that one of the major challenges for cocaine addiction is to find a treatment that reduces the craving for the drug without diminishing the motivation for naturally rewarding activities, our findings validate STN as a good target and DBS as the appropriate technique for a promising therapeutic strategy in the treatment of cocaine addiction.
Deep brain stimulation (DBS) is a reversible technique that is currently used for the treatment of Parkinson disease and may be suitable for the treatment of psychiatric disorders. Whether DBS inactivates the target structure is still a matter of debate. Here, from findings obtained in rats, we propose DBS of the subthalamic nucleus (STN) as a possible treatment for cocaine addiction to be further tested in human studies. We show that STN DBS reversibly reduces the motivation to work for an i.v. injection of cocaine, and it increases motivation to work for sucrose pellets. These opposite effects may result from STN DBS effect on the positive affective properties of these rewards. Indeed, we further show that STN DBS reduces the preference for a place previously associated with the rewarding properties of cocaine, and it increases the preference for a place associated with food. Because these findings are consistent with those observed after STN lesions [Baunez C, Dias C, Cador M, Amalric M (2005) Nat Neurosci 8:484-489], they suggest that STN DBS mimics an inactivation of the STN on motivational processes. Furthermore, given that one of the major challenges for cocaine addiction is to find a treatment that reduces the craving for the drug without diminishing the motivation for naturally rewarding activities, our findings validate STN as a good target and DBS as the appropriate technique for a promising therapeutic strategy in the treatment of cocaine addiction.
addiction | basal ganglia | motivation | food | rat O ver the past decade, there has been an increasing interest in neurosurgical procedures using deep brain stimulation (DBS) to treat neurological and psychiatric disorders, such as Parkinson disease (1, 2) and Huntington disease (3) , as well as depression (4) and obsessive compulsive disorders (5) .
A recent study showing that the effects of subthalamic nucleus (STN) DBS mainly result from a stimulation of the cortico-STN fibers questioned the inactivation of STN by DBS (6). However, there was previously a consensus to consider that action of STN DBS as an inactivation of the cell bodies of the targeted structure with an activation of the passing fibers (7). The mechanisms of DBS remain thus a matter of debate.
From the clinical point of view, DBS represents a reversible way to inactivate a particular structure in the brain, a strategy that is preferred to ablative surgery in most cases. The choice of the targeted structure is adapted to the disease.
In the case of drug addiction, a devastating disorder whose hallmark feature is an uncontrolled motivation to take the drug while naturally rewarding activities are forsaken, it is crucial to decrease the compulsive motivation for the drug, at the same time preventing decreased motivation for alternative rewarding activities.
Because cocaine acts by blocking the dopaminergic transporter, and therefore temporarily increases the amount of dopamine (DA) available in the brain, early treatments for addiction targeted DA system to counteract cocaine effects. However, it is now largely accepted that interfering with the DA system affects motivation in general. Other surgical targets such as the nucleus accumbens (8) or the cortex (9) have been tested in animals or in opiates addicts (10) with no convincing results so far.
We have shown that the STN is one of the cerebral structures in which dissociation occurs between natural reward, such as food, and drugs of abuse, such as cocaine (11) . Indeed, STN lesions decrease motivation for cocaine while increasing motivation for food. We thus hypothesized that STN may be a possible target for treatment of cocaine addiction. Furthermore, some Parkinsonian patients treated with STN DBS can exhibit hypersexuality and weight gain, resulting in part from binge eating, suggesting increased motivation for natural rewards (12, 13) . At the same time, in Parkinsonian patients suffering from dependence toward their L-DOPA treatments (i.e., DA dysregulation syndrome), STN DBS had a beneficial effect, reducing their drug seeking (14) .
Drug seeking is one of the criteria for addiction according to the DSM-IV (15) . In the present study, we thus used a measure of motivation to take the drug or take some food. We have tested the effects of bilateral STN DBS on motivation for a natural reward (food) and for a drug of abuse (cocaine) to determine whether STN DBS mimics STN inactivation, and therefore can decrease motivation for cocaine without decreasing motivation for food.
Results
We first assessed whether rats subjected to STN DBS (see Fig. 1A for an example of electrode location) would modify their spontaneous food intake over a 24-h period. The application of STN DBS did not affect the quantity of food (i.e., lab chow) eaten (Fig. 1B) . Furthermore, STN DBS did not affect the food (i.e., sucrose pellets) intake measured in a continuous schedule of reinforcement (fixed ratio 1; FR1), in which every lever press was followed by the delivery of one food pellet. In a different group of rats trained to self-administer cocaine (250 μg/infusion), STN DBS had no significant effect on cocaine intake in the continuous reinforcement (FR1) task (Fig. 1C) , but significantly increased the number of lever presses during the inactive period immediately following an injection (i.e., perseverative lever presses) [F (1, 18) = 0.04 (ns) and 5.75, P < 0.05 for infusions and perseverative lever presses, respectively]. Consistent with the effects of bilateral STN lesions on motivation for food, cocaine, or alcohol (11, 17, 18) , STN DBS did not affect the consummatory processes for either food or cocaine when the behavioral cost to obtain the reward is low.
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This article is a PNAS Direct Submission. One way to assess the motivation for a reward is to measure the willingness of the animals to expend effort to obtain the reward using the progressive ratio (PR) schedule of reinforcement (19) , a task that allows comparison and classification between different types of rewards and between different drugs of abuse (for review, see ref. 20) . In this task, rats are required to progressively increase the amount of work produced on a lever to obtain the next reward. The measure of the last ratio at which the animal stops, also called "breaking point," indicates the level of motivation for the reward. Using this procedure, we found that STN DBS increased the motivation of the rats to work for one sucrose pellet. Indeed, though the control group earned on average 27.8 pellets (±1. These findings show that, like STN lesions (11), STN DBS reduced the willingness of the animals to work for cocaine, but increased their willingness to work for sucrose. We then tested whether the repeated application of STN DBS during the long sessions of PR testing [mean cocaine PR session duration in the stimulated group: 160 (±6) min] could have damaged the STN and reproduced the behavioral effects of a lesion. We thus tested the reversibility of the effects by activating the stimulation in the animals from the former control group and stopping the stimulation in the former STN DBS group of the cocaine experiment. When the former control animals were stimulated, the mean number of cocaine injections sought in the PR task was significantly diminished, whereas in the former STN DBS animals (which were no longer under stimulation) the number of cocaine injections sought increased, thus proving the reversibility of DBS effects (P < 0.05, paired t test for both groups). The "new control" and "new STN DBS" animals differed significantly in terms of number of injections obtained [11.57 (±0.43) vs. 9.29 (±0.91) injections respectively, ANOVA F (1,14) = 6.95, P < 0.05; Fig.  3A ]. In terms of ratio (or breaking point), the now-stimulated animals showed a reduction of 46%, whereas stopping the DBS resulted in a 36% increase of the breaking point, and the two groups remained significantly different [63.4 (±12.16) vs. 97.34 (±9.62), ANOVA F (1,14) = 5.65, P < 0.05; Fig. 3B ].
To test whether STN DBS might affect the sensitivity to cocaine, we tested the behavioral adaptation of the animals to dose changes in the FR1 schedule of reinforcement. In nonstimulated control animals, decreasing the dose led the rats to increase the number of injections to compensate for the decreased level of cocaine in the blood. In the STN DBS animals, the number of injections also increased, but there was a vertical downshift of the dose-response curve (Fig. S1 ), suggesting cocaine now had lower reinforcing properties (21) .
To address further the effects of STN DBS on positive affective properties of both food and cocaine, we used a place conditioning paradigm. In this paradigm, the affective properties of a given reward (food or cocaine) are inferred by measuring the time spent in a specific environment previously paired with the reward, in comparison with another environment never paired with the reward. In a choice situation, and in absence of any reward, measuring the time spent in these environments gives an indication of the positive or negative affective memory that the animal has of its food or cocaine experience. The nonstimulated group did not show any preference for the environment previously associated with food (P > 0.05 sign test), whereas the group subjected to STN DBS showed a significant preference (conditioning effect: P < 0.05 sign test) and therefore a stronger food preference than observed for the nonstimulated animals (P < 0.05, Mann-Whitney test; Fig.  4A ). In contrast, after conditioning with cocaine (10 mg/kg), the nonstimulated animals exhibited a clear preference for the compartment previously associated with cocaine (P < 0.05 sign test), but the STN DBS group showed no significant preference for the compartment associated with cocaine (P > 0.05 sign test) and a significantly decreased preference score compared with the nonstimulated group (P < 0.01, Mann-Whitney test; Fig. 4B ).
Discussion
The present findings show that DBS of the subthalamic nucleus can decrease motivation for cocaine, while increasing the motivation for other "natural" rewards, such as food. This finding concurs strikingly with the previously observed effects following lesions of the STN (11). The mechanism underling STN DBS appears to be more complex than a simple inactivation of the structure (6, 7). In the present study, however, the similarities observed between the behavioral effects of DBS and lesion (11) suggest that, in the case of motivational function, STN DBS mimics an inactivation of the STN. These findings confirm that the STN might represent a therapeutic target for cocaine addiction. Indeed, it is recognized that one of the most important features of drug addiction is the narrowing of the behavioral repertoire toward drugs at the expense of natural rewards (15) . This is believed to result from either increased preoccupation/ anticipation toward drug-or drug-withdrawal effects (22, 23) or from drug-induced stimulus-response habits (24) . The fact that STN DBS, or an STN lesion, preserves or increases food motivation, and that they both decrease cocaine motivation, indicates that the STN is involved in the behavioral bias toward cocaine following repeated cocaine intake. STN DBS effect was evidenced when rats were switched from an FR1 schedule to the progressive ratio task. The lack of effect of STN DBS under continuous reinforcement (FR1) suggests that STN manipulation does not affect the direct pharmacological effect of the drug which directly controlled the level of responding under a FR1 schedule. STN DBS might rather affect the incentive properties of the drug that motivate cocaine seeking as assessed in the progressive ratio schedule of reinforcement. This is further supported by the decreased preference of STN DBS rats for the environment paired with cocaine in the place preference paradigm.
It can therefore be hypothesized that STN plays a particular role in encoding the incentive value of a given reward, a hypothesis that is consistent with our electrophysiological recordings in the STN (25, 26) .
Dissociating motivation for different types of rewards at the level of the STN raises questions about the current view of the reward system. In its current form, the reward system does not account for differential functioning depending on the nature of the reward. So far, no lesion or DBS studies within a single brain structure have reported such an opposite dissociation. Although DBS applied at a fixed intensity for all animals in the nucleus accumbens shell has been recently reported to diminish cocaine-seeking behavior in a reinstatement experiment, there was no increase on food seeking (27) . Consistent with a possible dissociation between natural reward and drugs of abuse, specific subpopulations of neurons in the nucleus accumbens have been proposed to encode either cocaine or sucrose reward (28) . Supporting these data, we have recently shown that subpopulations of STN neurons also exhibit specific responses to either cocaine or sucrose rewards (26) , suggesting that reward-dependent microcircuits may also exist within the STN. Because the nucleus accumbens is connected to the STN, mainly via the ventral pallidum, these microcircuits across connected structures might represent a neurobiological substrate for the behavioral dissociation reported here.
It has also been shown that preferred and less-preferred rewards are encoded differentially in the orbitofrontal cortex (29, 30 ). The so-called "hyperdirect" pathway linking the orbitofrontal, and more generally the prefrontal cortex (31) , to the STN may therefore play a critical role in the present behavioral effects. This hypothesis is further supported by our study showing a differential encoding for preferred and less-preferred reward in the STN (25) . A recent study has shown that pretest stimulation , ON n = 9 (black bar) and after reversal of the stimulation conditions (former ON group was turned OFF, n = 9 (right white bar), and former OFF group was turned ON, n = 7 (Right, black bar). Error bars illustrate standard errors (SEM). *P < 0.05 (ANOVA group effect), significant difference between groups STN DBS OFF and STN DBS ON. #, P < 0.05; ##, P < 0.01; paired t test between the initial condition and its reversal. (i.e., stimulation only before the behavioral test) of the prefrontal cortex diminished cocaine seeking without diminishing sucrose seeking (9) , further supporting the idea that the hyperdirect pathway might be critical for the differential influence of STN on various reward-related behavioral responses. Further studies focusing on the specific contribution of the hyperdirect pathway in reward-related behavior are in due course.
Modification of the activity of mesencephalic dopaminergic (DA) neurons is a potential mechanism through which STN DBS could decrease the response to cocaine. According to current theories of drug addiction, drugs activate and, via neuroadaptive processes, change dopaminergic neurotransmission in the nucleus accumbens and its related circuitry (32, 33) when repeatedly taken. The STN exercises an excitatory influence on the activity of the DA neurons in the ventral midbrain (34) . The loss of excitatory input of the STN under DBS may thus lower the basal level of dopaminergic neuron activity in these structures and ultimately alter their reactivity to food and cocaine reward. It is interesting to note however that some studies suggest that STN DBS may result in increased activity of the DA system (35) . The dissociation of STN effects, when low workload and high workload were required, such as in the FR1 and PR schedule of reinforcement, has been previously observed after manipulation of the DA system. On one hand, it has been shown that a DA D3 agonist decreased cocaine self-administration when the workload was high but had no effect when the workload was low (i.e., similar effect to STN DBS) (36) . Quite contradictory, it has also been shown that (i) an inactivation of the DA system induced the same kind of effect for food reward (i.e., decreased motivation under high workload and no effect under low workload) (37, 38) and (ii) DAT knock-down mice whose characteristic is to have an increased DA transmission showed enhanced motivation for food under high workload (39) . To clarify how STN DBS affects DA-related functions, STN and DA systems interactions need to be further investigated.
The possible close relationship between the STN and the DA system may account for a specificity of effect of STN DBS on drugs of abuse acting more specifically on the dopaminergic system, such as cocaine. So far, we have already shown that STN lesions increased the motivation for alcohol in high-drinker rats (17) , indicating that STN manipulation consequences might not be identical for all drugs of abuse. Further studies are in progress to study the effects of STN inactivation in rodents on their voluntary intake of other substances.
In summary, application of STN DBS reduced the motivation for cocaine by decreasing its motivational properties, while increasing motivation for food. The increased motivation for food did not appear to elicit binge eating, ruling out the possible undesirable effect of weight gain in the stimulated subjects. Although increased weight is often reported in PD patients with STN DBS, these patients typically have a long history of DA depletion and DA treatments that may interfere with the effects of STN DBS itself; this would be an unlikely condition in cocaine addicts.
Because the major goal for the treatment of cocaine addiction is to decrease the motivation for the drug without decreasing motivation for other naturally rewarding activities, a promising avenue for therapeutic success may be the application of STN DBS to cocaine addicts.
Methods
Subjects. Male, Long-Evans rats (n = 88; Elevage Janvier) were housed in pairs and maintained on a 12-h light/dark cycle. After surgery, the animals were housed individually. For food experiments, they were kept at 80-85% of their free-feeding weight (15-17 g/rat per day). For cocaine experiments, the animals had no food restriction. This difference does not affect the results because we have also seen increased motivation for sweet food after STN lesions in sated rats. Water was provided ad libitum, except during experimental sessions. All procedures were conducted in accordance with the European Community Council Directive of November 24, 1986 (86/609/EEC), and our national French Agriculture and Forestry Ministry (decree 87-849).
Surgery. All animals were anesthetized with xylazine (15 mg/kg, i.m.) and ketamine (100 mg/kg, i.m.). The electrodes were implanted at the following coordinates (16) from bregma: AP: 3.7 mm, L: ±2.4 mm, DV: 8.3 mm (from skull), incisor bar set at 3 mm.
Twenty-eight animals were further subjected to implantation of i.v. catheter. The catheter was implanted in the jugular vein and exited dorsally between the scapulae. During the recovery period (10 days), the catheters were flushed with 0.2 mL of a sterile antibiotic solution containing heparinized saline (280 UI/mL) and cefalexine (Rilexine; 8 mg/mL).
Electrodes and Stimulation. As described previously (40, 41) , electrodes made of two Teflon-insulated platinum wires were implanted bilaterally in the STN. Based on that former study, the stimulation parameters were set with frequency at 130 Hz and 60-μs pulse width. The intensity was set for each individual rat on the first day of behavioral testing, just below the threshold of induction of hyperkinetic movements of the contralateral paw (50-130 μA). STN DBS was turned to ON just prior the start of each behavioral session and was applied during the whole session.
Behavioral Procedures. All of the behavioral procedures for continuous reinforcement, progressive ratio (PR) schedule of reinforcement, and conditioned place preference (CPP) have been described previously (11) .
Food and Cocaine Self-Administration. Before the start of behavioral sessions, STN DBS was either activated (ON) or not (OFF) for the whole session. Cocaine self-administration experiments used a typical dose of 250 μg/90 μL per injection (42) . Acquisition (continuous reinforcement FR1). Rats were first trained to perform the FR1 for sucrose pellets and were then subjected to surgery. Two weeks after surgery, rats (n = 12 OFF and n = 16 ON) were trained to self-administer cocaine or obtain sucrose pellets (n = 8 OFF and n = 16 ON). Progressive ratio experiments. For food, the ratios followed an arithmetically increasing fixed-ratio (FR) schedule in steps of five, with three repetitions of each step (i.e., 1, 1, 1, 5, 5, 5, 10, 10, 10 . . .). To limit the number of injections, the ratios for cocaine reward followed the modified equation of Roberts used by Depoortere et al. (43) To test the reversibility of STN DBS, those animals belonging to the OFF group (n = 7 at this stage in the experiment) had their stimulation activated for 10 further daily sessions under PR conditions, whereas the animals of the ON group (n = 9) had their stimulation turned to OFF for 10 sessions under PR conditions for cocaine self-administration.
CPP. For the CPP experiments, the twocompartments differed only in the spatial organization of two vertical columns placed in each compartment (44) . Thirty rats [OFF n = 7 (food) + 7 (cocaine); ON n = 13 (food) + 9 (cocaine)] were first exposed to both compartments for 15 min. The time spent in each was measured. From the following day and for 8 consecutive days, all rats were exposed alternatively to sucrose pellets (total 4.5 g; 100 pellets, 45 mg each) or one cocaine injection (10 mg/kg) in one compartment and no food or one injection of NaCl (0.9%) in the other compartment for 30 min. The compartment associated with the reward was counterbalanced across subjects. At the end of this conditioning, the animals were exposed to both compartments for 15 min, and the time spent in each compartment was measured. The score of preference was calculated as the difference between the time spent in the sucrose (or cocaine)-paired compartment on the last day and the time spent in the same compartment on the first day before conditioning. A positive score thus indicates a preference for the compartment associated with the food or cocaine, and a negative score would mean that the animals avoided the compartment associated with food or cocaine (45) .
STN DBS was applied at each stage of the procedure for the ON group.
Statistical Analysis. Findings are expressed as means for each of the variables (i. e., number of pellets or injections, last ratio reached in the PR procedures, etc.) in the different groups of animals. For each variable, the data were submitted to mixed-design ANOVAs using Statview (Abascus) with group (OFF vs. ON) as the between-subject factors and sessions as the within-subject factor, when appropriate. When significant effects were found, post-hoc comparisons between means were made using simple main effects analysis. Nonparametric Mann-Whitney test was used for the conditioned place preference experiment for group effects, and nonparametric sign test for conditioning effect.
Histology and Dose-Response Study. See SI Text.
